Based on cosmogenic 10 Be and , and an associated mean denudation rate of 9.6 ± 1.1 m.Myr originating from all quartz-bearing rocks in all parts of the catchment. Thus, the cosmogenic nuclide inventories of these sands record the overall average lowering rate of the landscape. The pebbles originate from quartz vein outcrops throughout the catchment, and the episodic erosion of the latter means that the pebbles will have higher nuclide inventories than the surrounding bedrock and soil, and therefore also higher than the amalgamated sand grains. The order-of-magnitude grain size bias observed in the Gaub has important implications for using cosmogenic nuclide abundances in depositional surfaces because in arid environments, akin to our study catchment, pebble-sized clasts yield substantially underestimated palaeo-denudation rates. Our results highlight the importance of carefully considering geomorphology and grain size when interpreting cosmogenic nuclide data in depositional surfaces.
Be in amalgamated medium sand (0.25-0.50 mm), all collected from the outlet of the upper Gaub River catchment in Namibia, quartz pebbles yield a substantially lower average denudation rate than those yielded by the amalgamated sand sample. 10 Be and , and an associated mean denudation rate of 9.6 ± 1.1 m.Myr -1 , an order of magnitude greater than the rates obtained for the amalgamated pebbles. The inconsistency between the 10 Be and
26
Al in the pebbles and the
INTRODUCTION
In situ-produced cosmogenic nuclide analyses in both modern and buried sediment are widely used to quantify modern-and palaeo-denudation rates integrated over a wide range of spatial and temporal scales (e.g., von Blanckenburg, 2005; Dunai, 2010; Portenga and Bierman, 2011) . Such studies assume that the sediment sample comprises grains originating from all parts of a catchment and that it records the average denudation rate of the sediment's source (Bierman and Steig, 1996; Brown et al., 1995; Granger et al., 1996) . The latter assumption implies that the cosmogenic nuclide concentration of the sample, and so the inferred denudation rate, do not depend on grain size. Numerous studies have found no dependence of nuclide concentration on grain size (e.g., Granger et al., 1996; Clapp et al., 2000; Schaller et al., 2001; Ouimet et al., 2009; Palumbo et al., 2010 ; see supplementary data), but substantial grain size effects have been observed in a few, mostly humid, environments, including Puerto Rico (Brown et al., 1998) , the Appalachian Mountains (Matmon et al., 2003) , the Olympic
Mountains (Belmont et al., 2007) , and the Amazon Basin (Wittmann et al., 2011) .
A possible grain size effect can also be observed in cosmogenic nuclide data from the Gaub River catchment in the arid central-western Namibia (Figure 1 ). Codilean et al. (2008) established the spatial pattern of denudation in the Gaub using in situ-produced cosmogenic 10 Be ( Ne. In addition, to better constrain the spatial pattern of denudation and to confirm that the sediment leaving this catchment is a mixture of grains originating from all parts of the catchment, we complemented Codilean et al.'s (2008) 
10
Be c amalgamated sand data with a further eight samples: seven from tributaries and a further sample from the catchment outlet ( Figure 1A ).
FIELD SETTING
The Gaub is a tributary of the ~15,500 km 2 Kuiseb River, one of the major ephemeral rivers systems draining western Namibia. The study catchment has an area of ~1200 km 2 and the geomorphology is that of a high elevation passive margin with an extensive low-relief upland region and a highly dissected, high-relief zone marking the Great Escarpment. Quartzites and granites of the Rehoboth group (1650-1860 Myr) and Sinclair group (1050-1400 Myr) are the dominant rock types in the study catchment (Ziegler and Stoessel, 1993 
METHODS AND DATA
Quartz samples were prepared according to the procedure described by Wilson et al. (2008) (Freeman et al., 2004) as part of routine Be and Al runs. The measurements are described in detail by Maden et al. (2007) , Freeman et al. (2007) , Schnabel et al. (2007) , and Xu et al. (2010 ). To make all subsequent calculations consistent with the updated 10 Be half-life of 1.387 ± 0.012 Myr (Chmeleff et al., 2010; Korschinek et al., 2010) , the 10 Be data were re-normalised to the 2007 KNSTD standard . The 10 Be/ 9 Be ratios of the full chemistry procedural blanks prepared with the samples were 3.1 ± 1.0  10 -15 for the amalgamated sands, and 5.3 ± 0.6  10 -15 and 5.1 ± 0.6  10 -15 for the pebbles, respectively. This ratio was subtracted from the Be isotope ratios of the samples. Blank-corrected 10 Be/ 9
Be ratios of the amalgamated sands ranged from 5.02  10 -13 to 3.63  10 -12 , and for the pebbles from 3.2  10 -14 to 2.07  10 . One-sigma uncertainties of the SUERC AMS measurement consist of the uncertainty of the sample measurement, the internal uncertainty of the normalization (reproducibility of the measurements of the primary standard) and the uncertainty of the blank correction. One-sigma uncertainties for the concentrations determined at SUERC include the one-sigma uncertainty of the AMS measurement and the one-sigma uncertainty of the determination of total Al with ICP-MS (typically between 2.0% and 2.1%). The uncertainty on the total Al is close to that of the one-sigma uncertainty (2.0%) of the carrier solution that was used in these analyses. The onesigma uncertainties of the ICP-MS measurements for inherent 27 Al concentrations ranged from 2.5-3.8%. Be c SLHL production rates were corrected for altitude and latitude using the time-independent scaling scheme of Dunai (2000) and for topographic shielding following Codilean (2006) . All calculations were performed on a pixel-by-pixel basis using the 90m SRTM DEM (http://srtm.csi.cgiar.org/). All previously published 10 Be c data that are quoted in the text were also re-calculated following the procedure outlined above. We use a .yr -1 for slow and fast muons respectively.
The results of the 10 Be c analyses in the eight amalgamated sand samples are summarised in Figure 1A and Table 1 .
Sample N1, collected from the trunk channel at the catchment outlet, yields a catchment-wide erosion rate of 9.6 ± 1.1 m.Myr . These rates are consistent with published data (Bierman and Caffee, 2001; Codilean et al., 2008) and confirm the strong relationship between erosion rate and mean catchment slope ) ( Figure   1B ). Ne concentrations obtained by Codilean et al. (2008) is covered ( Figure   1C ). Ne c , respectively. These values are virtually identical, and are one order of magnitude lower than that obtained from the amalgamated sand sample N1 from the catchment outlet, namely 9.6 ± 1.1 m.Myr -1 ( Figure 1A ).
The plots in Figure 3 indicate the presence of a relative excess of Be c ratios that plot in the complex exposure / burial domain in Figure 3B whereas with the exception of B6 and E1, the remaining pebbles have 26 Al c / 10 Be c ratios that plot at one-sigma level within the erosion-island envelope in Figure 3A . The latter indicates that the relatively high Ne however, is of minor importance for explaining the grain size bias observed in the Gaub River catchment given the first order agreement between the average abundances of the three nuclides.
In this study we focus on the 
DISCUSSION AND CONCLUDING REMARKS
Neither the presence of substantial unaccounted-for non-cosmogenic Al c / 10 Be c ratios in the pebbles do not indicate obvious complex exposure histories, with all but three of the samples either intersecting at one-sigma or falling completely within the erosion-island envelope in Figure 3A . Thus, burial and storage at depth of the pebbles have very likely not been substantial.
Two remaining mechanisms could explain the covariance between grain size and the cosmogenic nuclide concentrations observed in the Gaub. The first involves substantially longer sediment transport times for the pebbles than for the sand-sized grains. Longer transport times would mean longer exposure to cosmic radiation M A N U S C R I P T
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6 and thus higher nuclide concentrations in the pebbles. This mechanism is problematic for the Gaub, however.
Firstly, the relatively high nuclide concentrations measured in the pebbles can be reproduced by measured bedrock erosion rates alone, and they do not require cosmogenic nuclide acquisition during transport through the drainage system . Secondly, a simple calculation suggests that a difference in transport times on the order of 10 5 years is necessary to produce the order-of-magnitude difference in nuclide concentrations between the two size fractions (see also Codilean et al., 2010) . Given the small catchment size and lack of both accommodation space and sediment in storage, such long sediment residence times are unlikely for arid catchments such as the Gaub.
A second mechanism for explaining the apparent inconsistency between the 10 Be c and 26 Al c in the pebbles and the 10 Be c in the amalgamated sand is that of differential sediment sourcing. The average of the denudation rates obtained for the 11 Gaub tributary sand samples ( Figure 1A ) is 12.0 ± 1.7 m.Myr -1 , overlapping at one sigma with that obtained from sample N1, collected at the catchment outlet (9.6 ± 1.1 m.Myr -1 ). This equivalence demonstrates that the sediment leaving the study catchment is well mixed and all areas of the catchment contribute to the total mix at the outlet. Thus, the amalgamated sands leaving the catchment are an aggregate of grains originating from quartz-bearing rocks in all parts of the catchment, and the cosmogenic nuclide inventories of these sands record the overall average lowering rate of the landscape.
Unlike the surrounding bedrock that disintegrates into sand-sized grains, quartz-vein outcrops tend to break up episodically into larger clasts (Figure 2 ) (cf. Small et al., 1997; Muzikar 2008; 2009) . We infer that the pebbles originate from the quartz-vein outcrops throughout the catchment, and the episodic erosion of the latter means that the pebbles have higher nuclide inventories than the surrounding bedrock and soil, and therefore also higher than the amalgamated sand grains (Figures 4 and 5) . These quartz-vein outcrops, although ubiquitous, constitute only a minute percentage of the overall land surface in the study catchment, and so, despite higher nuclide concentrations, the cosmogenic 'signal' from quartz vein-sourced sand grains (derived presumably by break-down of larger clasts such as the pebbles we sampled) is diluted as they contribute only a small fraction of total cosmogenic nuclide concentration in the exported sediment. This second mechanism is supported by published data (Bierman and Caffee, 2001; Bierman et al., 2007; Cockburn et al., 2000; Codilean et al., 2008; van der Wateren and Dunai, 2001) . Figure 6 , a summary of all cosmogenic nuclide data from bedrock and amalgamated sand samples collected in central-western Namibia, indicates that amalgamated sand samples record higher erosion rates than their bedrock counterparts, and that quartz-vein outcrops account for the majority of the lowest measured bedrock erosion rates for this area.
It is unlikely, however, that the second mechanism described above can alone explain the order-of-magnitude difference between the cosmogenic nuclide inventories of the amalgamated sands and individual pebbles, as this would require long time intervals between successive quartz-vein outcrop spalling events, and thus unrealistically tall outcrops. The latter is not observed in the field. It is more likely that the order-of-magnitude grain size bias observed in the Gaub is a result of the combined effects of both mechanisms described here ( Figure 5 ). Pebbles
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7 accumulate more cosmogenic nuclides than finer grains because of the episodic nature of the erosion of their source quartz-vein outcrops, and because they also spend relatively longer amounts of time in transport on the hillslopes than do sand grains, simply because the hydrological events that mobilise larger clasts occur more rarely than those that mobilise sand.
Independent of the cause, however, the order-of-magnitude grain size bias observed in the Gaub has important implications for using cosmogenic nuclide abundances in depositional surfaces to quantify palaeo-denudation rates in arid environments akin to our study catchment in Namibia. Analyses of the distribution of cosmogenic nuclide concentrations in depth profiles on depositional surfaces such as fluvial terraces are useful for simultaneously determining both the depositional age of the surface and the palaeo-denudation rate that characterised the landscape prior to the deposition of the dated sediment (Anderson et al., 1996; Braucher et al., 2009; Hidy et al., 2010) . Amalgamated clasts are often preferred to sand-sized material for these studies mainly because they are less likely to be re-mobilised after deposition (Repka et al., 1997) . The principle behind the method is that the cosmogenic nuclide concentration of each amalgamated clast sample in the depth profile is the sum of two components: (1) a post-depositional component reflecting the depositional age and the rate of erosion of the depositional surface, and (2) an inherited component reflecting the denudation rate prior to the deposition of the samples. The first component is acquired exclusively after deposition and so the age and erosion rate of the depositional surface are not affected by a covariance between cosmogenic nuclide activity and grain size.
Determination of the palaeo-denudation rate, on the other hand, depends on the absolute cosmogenic nuclide concentrations in the depth profile samples, and so it will be affected by a grain size bias. In environments akin to our study catchment, pebble-sized clasts will yield substantially underestimated palaeo-denudation rates. 
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Pebbles that have been exposed continuously to cosmic radiation (i.e., no burial) should plot within the erosionisland envelope defined as the grey area between the erosion-island plots for the minimum and maximum cosmogenic nuclide production rates in the study catchment. Points plotting below or above the erosion-island envelope indicate either a complex exposure history (i.e., at least one episode of burial) or measurement error, respectively, for that sample. Be c produced never equals the amount removed by erosion. Under these conditions, the material removed by spalling of blocks from an outcropping quartz vein has a higher 10 Be c concentration (1) than the quartz vein surface that becomes exposed (2). In addition to eroding episodically, a quartz vein outcrop is also exposed to cosmic radiation from all directions and so, material removed (e.g., quartz pebbles) will likely have a higher 10 Be c concentration than the surrounding landscape that is both eroding continuously (dashed blue curve) and is only exposed to cosmic radiation from above. Based on Small et al. (1997) and Muzikar (2008 Muzikar ( ,2009 ). 
